OBJECTIVE: To identify factors associated with bronchodilator administration to infants with bronchopulmonary dysplasia (BPD) and evaluate inter-institutional prescribing patterns. STUDY DESIGN: A retrospective cohort study of o 29-week-gestation infants with evolving BPD defined at age 28 days within the Pediatric Health Information System database. Controlling for observed confounding with random-effects logistic regression, we determined demographic and clinical variables associated with bronchodilator use and evaluated between-hospital variation. RESULT: During the study period, 33% (N = 469) of 1429 infants with BPD received bronchodilators. Lengthening mechanical ventilation duration increased the odds of receiving a bronchodilator (odds ratio 19.6 (11 to 34.8) at ⩾ 54 days). There was profound between-hospital variation in use, ranging from 0 to 81%. CONCLUSION: Bronchodilators are frequently administered to infants with BPD at US children's hospitals with increasing use during the first hospital month. Increasing positive pressure exposure best predicts bronchodilator use. Frequency and treatment duration vary markedly by institution even after adjustment for confounding variables.
INTRODUCTION
Neonates with severe bronchopulmonary dysplasia (BPD) are predisposed to airway smooth muscle hyperreactivity. 1, 2 Inhaled bronchodilators, including both beta-agonists and muscarinic antagonists, have been administered to infants with BPD for over 30 years to reduce airway reactivity and subsequently improve respiratory outcomes. 3 Short-term benefits, including decreased airway resistance and improved gas exchange, are noted following administration. Bronchodilators have not been shown to prevent BPD, treat BPD or diminish the severity of BPD. 4, 5 Although inhaled bronchodilator use is presumed widespread in preterm infants with BPD, 6, 7 factors associated with bronchodilator administration to these patients have not, to our knowledge, been fully reported. Therefore, the current study was undertaken to: (1) determine demographic and clinical variables associated with bronchodilator administration and (2) to identify variability between hospitals in frequency and duration of inhaled bronchodilator usage for infants with BPD.
METHODS
We conducted a retrospective cohort study to evaluate inhaled bronchodilator use for infants with BPD. Infants were considered to have evolving BPD if they survived until at least 28 days-of-age and received respiratory support for the first 28 consecutive days of life via mechanical ventilation, continuous-positive airway pressure (CPAP) and/or supplemental oxygen. 8 The cohort, as described previously by Slaughter et al, 8 included infants with evolving BPD born prior to 29 weeks of gestation with a birth weight o1500 g and admitted to neonatal intensive care units (NICUs) in children's hospitals at o8 days-of-age with discharge dates from January 2007 to June 2011, as recorded in the Children's Hospital Association Pediatric Health Information System (PHIS) database (Shawnee Mission, KS, USA). We chose our gestational age (o 29 weeks) and birth weight ( o1500 g) cutoffs to include 497% of infants with BPD. 2 We excluded infants admitted after 7 days-of-age to minimize exposure to unmeasured inhaled bronchodilator treatment at outside hospitals and only included those who lived ⩾ 28 days, the earliest age at which BPD may be assigned. 1 We chose to define BPD at its 28 day onset, prior to severity staging at 36 weeks corrected age, since an infant's respiratory condition at BPD onset was more likely to influence a clinician's decision regarding inhaled bronchodilator usage throughout the remainder of their hospitalization than the 36 week outcome measurement. For reference, we also determined the frequency of mild, moderate and severe BPD at 36 weeks according to the National Institutes of Health (NIH) Consensus Definition, 1 as modified by Ehrenkranz et al. 9 Surviving infants with evolving BPD at age 28 days were assigned mild BPD if they were off oxygen at 36 weeks or discharged alive prior to 36 weeks, moderate BPD if on oxygen only at 36 weeks and severe BPD if they required CPAP or mechanical ventilation at 36 weeks gestation.
Data source
The PHIS database contains administrative, billing and record-review data including patient demographics, diagnoses, procedures and medications labeled by route of administration from members of the US Children's Hospitals, which account for 85% of all national freestanding children's hospitals (Children's Hospital Association, Shawnee Mission, KS, USA).
The study sample for patient-level analyses consisted of 1429 admissions from 35 hospitals with cases of evolving BPD at 28 days, as defined above. To prevent bias from the overweighting of institutions with smaller BPD sample sizes, between-hospital comparisons based on the mean proportion of bronchodilator usage at each hospital were confined to the 15 hospitals with at least 25 BPD cases representing 86% (N = 1226) of the study sample.
Study variables
Daily drug-specific inhaled bronchodilator administration, mechanical ventilation, CPAP, oxygen use, as well as length of stay and demographic variables were determined from each hospital's daily charge records as included in PHIS. Each hospital's daily charge codes are translated into a common classification system, the Clinical Transaction Classification codes, to ensure comparability of charge-level data between institutions. Clinical Transaction Classification codes evaluated included: inhaled albuterol (181211.42), inhaled levalbuterol (181231.42), inhaled albuterol/ipratropium combination (181315.42), inhaled ipratropium bromide (181311.42), inhaled pirbuterol (181251.42), inhaled formoterol (181221.42) inhaled salmeterol (181241.42), mechanical ventilation (521166), CPAP (521162), and oxygen delivery by cannula, tent or mask (521171). We evaluated the use of all inhaled bronchodilators included in the PHIS database within our cohort population and excluded those with o1% frequency of use (pirbuterol, formoterol and salmeterol) from further analysis. We queried the specific dosage form for each drug administration to determine whether delivery was by metered dose inhaler (MDI) or nebulizer. International Statistical Classification of Diseases, Ninth Revision (ICD-9) Codes were used to determine the diagnoses of patent ductus arteriosus (PDA; 747.0), intraventricular hemorrhage (IVH; 772.1) and necrotizing enterocolitis (NEC; 777.5).
Statistical analysis
All analyses were conducted using Stata 12.1 (StataCorp, College Station, TX, USA). Unadjusted odds ratios (ORs) for bivariate associations between bronchodilator use and neonatal demographic/clinical risk factors were determined with simple logistic regression for binary outcome variables and simple ordinary least squares regression for continuous outcomes. Multivariable mixed logistic regression modeling with a random intercept for hospitals was used to adjust ORs for confounding variables and to evaluate the contribution of within-hospital clustering to variation in bronchodilator administration. The model was created by purposeful selection and included gestational age, gender, duration of mechanical ventilation or CPAP, IVH, PDA and NEC as variables. A second model was created with birth weight replacing gestational age to obtain adjusted ORs (aORs) for birth weight. This was done to avoid multicollinearity between birth weight and gestational age. All statistical testing was two-sided and an α-level of 0.05 was considered significant. We chose to report the median measure of central tendency because the distributions for days of use for all bronchodilator formulations were skewed to the right, indicating wide variation in treatment duration.
Ethics review
The Nationwide Children's Hospital Institutional Review Board determined that this was not human subjects' research, because it was an analysis of a pre-existing, de-identified dataset and involved no patient contact.
RESULTS
A total of 1429 infants met the criteria for BPD at 28 days, of which 469 (33%) were treated with at least one inhaled bronchodilator dose. Among those treated with nebulized bronchodilators in the first 100 days post admission, the percentage treated per hospital day is demonstrated in Figure 1 . Usage steadily increased during the first month of hospitalization until day 37 when 9.7% received nebulized albuterol treatment. The proportion of bronchodilatortreated infants increased further during the third month of hospitalization, ultimately peaking at 10.3% on day 99. In unadjusted analysis, decreasing birth weight, decreasing gestational age and male gender, increasing exposure to CPAP or mechanical ventilation, IVH and NEC were all associated with significantly increased odds of bronchodilator treatment. When all variables were included in a multivariable logistic regression model with a random intercept to adjust for confounding and within-hospital clustering (Table 1) , the odds of an infant with BPD ever receiving inhaled bronchodilators were significantly associated with birth weight between 500 and 749 g, birth at 25 to 26 weeks gestation and increasing duration of airway exposure to positive pressure via CPAP or mechanical ventilation. There was no significant association between inhaled bronchodilator administration and birth at o 24 weeks gestation or birth weight o 500g, which could be related to the small sample size (n = 40) of o 500 g infants and increased inpatient mortality risk (risk ratio: 2.93; P = 0.004) relative to the other infants in the cohort.
Utilization of specific inhaled bronchodilators
We determined the frequencies of use for the three inhaled bronchodilators that were ever prescribed to 41% of infants within the cohort of BPD patients. Inhaled albuterol was administered to 484 (34%), levalbuterol to 94 (7%) and ipratropium bromide to 32 (2%) infants. Fourteen (0.98%) infants received a combined albuterol/ipratropium medication. Some infants were treated with more than one of these medications at some point during their hospitalization. Albuterol and levalbuterol were administered to 37 (3%) infants, 39 (3%) received albuterol and ipratropium, 6 (0.4%) received levalbuterol and ipratropium and 5 (0.4%) infants received all three medications prior to discharge.
Between-hospital variation in bronchodilator treatment Inhaled bronchodilator use for infants with BPD varied between children's hospitals. By hospital (N = 15), the percentage that ever received these medications ranged from 0 to 81% (median: 15; interquartile range: 10 to 48%) ( Figure 2 ). Variation in bronchodilator use between hospitals persisted even after controlling for length of exposure to positive pressure via mechanical ventilation or CPAP, birth weight, gestational age, IVH, PDA and NEC in our multivariable logistic regression models with random intercepts ( Table 1 ). The intraclass correlation coefficient, a measure of the proportion of total variance in bronchodilator use due to variation between hospitals, indicated that clustering by hospital was a significant component of the overall variation in the frequency of courses prescribed (intraclass correlation coefficient = 0.51; 95% CI: 0.36 to 0.66). There was no significant correlation between the number of patients with evolving BPD at 28 days hospitalized at each center during the study period and bronchodilator use (R = 0.17, P = 0.54).
Median duration of nebulized albuterol therapy
Since MDI treatments are billed per inhaler, we could only determine cumulative days for nebulized treatments, which are billed per administration. A total of 362 infants (25%) ever received nebulization versus 221 (15%) by MDI. Overall, treated patients (n = 320) received a median of 7 (25 to 75th percentiles: 2 to 27; range 1 to 412) days of nebulized albuterol. Those receiving albuterol via MDI (n = 208) were billed for a median of 2 (25 to 75th percentiles: 1 to 3; range 1 to 26) inhalers. Nebulized levalbuterol (n = 60) was administered for a median of 26 (25 to 75th percentiles: 9 to 54; range 1 to 162) days and infants received one median MDI levalbuterol dose (n = 12; 25 to 75th percentiles: 1 to 3; range 1 to 4). Although median duration of use for levalbuterol exceeded that of albuterol, the majority of nebulized levalbuterol use was clustered at only two hospitals (21% and 39% of hospitalized days on nebulized levalbuterol, respectively). Ipratropium was rarely administered, with a 10-day median for nebulized therapy (n = 17) and one median MDI per patient (n = 11). Figure 3a shows that the proportion of nebulized bronchodilator treatment days, and the predominant bronchodilator used, varied markedly by institution. All but two hospitals (87%) administered nebulized bronchodilators to infants with evolving BPD and all but three (80%) administered albuterol. The proportion of days on nebulized albuterol ranged from 0 to 15%. Only 7 hospitals (47%) administered nebulized levalbuterol (range 0 to 39% of days), with almost all use clustered at two institutions. Ipratropium was only administered at 5 hospitals (33%) and therefore excluded from Figure 3a given its low frequency of use (range 0.1 to 0.5% of days). Figure 3b noted in 34% (n = 473) and 22% (n = 316) required CPAP or mechanical ventilation (severe BPD, 9 ) . Bronchodilators were administered to 19 (36%) of the 53 infants who died prior to 36 weeks. Increasing severity of lung disease was associated with bronchodilator treatment (Po 0.0001). Among surviving infants, 93 (16%) with mild BPD (off oxygen or discharged prior to 36 weeks gestation; N = 587), 120 (25%) with moderate BPD, and 93 (29%) with severe BPD received at least one inhaled bronchodilator course during their stay. Death occurred in 24 hospitalized infants after 36 weeks.
DISCUSSION
Our key findings were that: (1) 33% of the overall cohort received an inhaled bronchodilator with increasing usage throughout the first month of hospitalization and (2) the duration of mechanical ventilation or CPAP exposure, a marker of respiratory disease severity, was the greatest predictor of inhaled bronchodilator exposure. Our investigation also indicates that patterns of inhaled bronchodilator use for infants with BPD at US children's hospitals vary markedly between institutions. We found that some institutions did not routinely prescribe bronchodilators to infants with evolving BPD, while others greatly exceeded the cohort average. Among hospitals with ⩾ 25 BPD patients during the study period, the percentage of patients receiving an inhaled bronchodilator ranged from 0 to 81%. Furthermore, the specific bronchodilator(s) prescribed to neonates with BPD varied by institution and frequency and duration of use were unrelated to the number of admitted infants with a BPD diagnosis. Variation among centers in the percentage of infants receiving inhaled bronchodilators persisted even after controlling for the confounding variables associated with bronchodilator use. Thus, there seems to be no standardized approach to the management of BPD with bronchodilators. Our finding of bronchodilator use in the first postnatal month was unexpected, since reduced compliance and atelectasis have the major pathologic role in newly admitted preterm infants with Respiratory Distress Syndrome. Nevertheless, even extremely premature infants have been shown to have adequate bronchial smooth muscle to respond to inhaled bronchodilators. 10 Aerosolized beta-adrenergic agonists such as albuterol (known in many countries as salbutamol), levalbuterol (also known as levosalbutamol), isoproterenol, metaproterenol and terbutaline function through direct action on beta 2 -receptors to relax smooth muscle and therefore cause bronchodilation. These drugs have been shown to cause short-term improvements in lung function in infants with developing or established BPD. [11] [12] [13] [14] [15] However, these studies included only a small number of patients and may have been underpowered. Many of these reports occurred before surfactant use and the era of routine antenatal steroid administration and may not be applicable to patients with 'new BPD'. 1, 16 To date, only one prospective, randomized, double blind, placebo controlled, multicenter study has evaluated long-term clinical outcomes including mortality or risk of developing BPD. Denjean et al. 17 randomized 173 infants o31 weeks gestation who remained on mechanical ventilation at the 10th postnatal day to receive inhaled salbutamol, inhaled salbutamol plus beclomethasone or placebo via MDI for a period of 28 days. The authors found no significant effect of treatment on survival, diagnosis and severity of BPD, duration of ventilator support or duration of oxygen. To our knowledge, no studies focusing on long-term clinical outcomes for patients with established BPD receiving bronchodilators have been published.
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Ipratropium bromide, a muscarinic antagonist, functions by antagonizing the actions of acetylcholine at parasympathetic effector cells, thus inhibiting parasympathetic mediated bronchoconstriction and also decreasing mucosal secretions. 18 Studies evaluating the use of ipratropium bromide in the treatment of infants with BPD are limited to case reports following short-term use. 19, 20 Given the retrospective and observational nature of our investigation, we were unable to establish the causal effects of inhaled bronchodilators on important clinical outcomes such as duration of ventilation, duration of oxygen use, severity of BPD at 36 weeks and length of stay. Thus, the relationship between the use of bronchodilators and important clinical outcomes in intubated and non-intubated infants needs further scrutiny.
Our diagnoses, including BPD, were based on hospital records, and potential recording errors might reduce the accuracy of our diagnoses. Although we used hospital charge data for specific date of service to determine days receiving oxygen, days on mechanical ventilation and CPAP and dates of inhaled bronchodilator administration, we had to rely on less specific ICD-9 codes for the diagnosis of IVH, PDA and NEC. Even though PHIS data are rigorously screened for errors and rejected if quality thresholds for inclusion are not met, they were initially collected for hospital administrative purposes instead of specifically for research.
Despite these limitations, our cohort study has multiple strengths. It benefits from a large sample size and nationally representative sample of children's hospitals included in the PHIS database, as well as measures taken by the Children's Hospital Association to ensure data quality. Our findings are likely generalizable to most NICUs within large US children's hospital systems. These baseline findings will serve to inform the design of prospective, comparative effectiveness investigations to determine whether long-term use of inhaled bronchodilators in BPD patients is beneficial and, in turn, allow for the creation of standardized guidelines regarding bronchodilator treatment of BPD.
Although full comprehension of the practice choices surrounding bronchodilator treatment for BPD, especially at the individual patient-physician level, are beyond the reach of our investigation, the profound variation in prescribing practices between institutions clearly indicates a lack of objective data regarding when to use these medications, for how long and the indications for cessation of therapy. High variability in provider's practice attitudes are likely attributable to a dearth of knowledge regarding, first of all, whether bronchodilators should be used for infants with BPD at all, and if so, under what specific indications. Performing pulmonary function tests in infants with BPD may be helpful, as objectivity is high and personalized approaches are then possible. However, such programs require skilled personnel and are labor intensive. Simplified tests in the ICU setting are needed. Some infants may develop tachyphylaxis to bronchodilator treatment requiring increasing doses to obtain a response, while others may develop un-anticipated adverse effects such as air hunger, hypoxemia and tachycardia. Thus, indications for stopping these agents in infants with BPD are also needed. An objective, evidence-based strategy for bronchodilator treatment of BPD is overdue.
CONCLUSIONS
The frequency of inhaled bronchodilator administration, relatively common for infants with BPD at US children's hospitals, increases throughout the first month of hospitalization and is related to duration of positive pressure exposure via ventilation or CPAP. However, practice patterns vary markedly by institution even after adjustment for confounding variables, indicating a need for further research to determine the effectiveness and safety of longterm inhaled bronchodilator therapy for BPD patients, to develop evidence-based recommendations.
